The offshore wind industry, which aims to reduce the operational costs, usually achieved through learning curves and supply chain improvements, has seen drastic cost increase over the last five years. In order to sustain the competitiveness of the offshore wind industry against other renewable energy sources, the cost of offshore wind needs to come down to today's onshore cost. This cost reduction target can be achieved through optimising the offshore related operations which contribute the most to the operating expenditures (OPEX) of the offshore wind farms. In this paper, the investigation of optimum crew transfer vessel fleet, which indicates the influence of fleet size and characteristics of the vessels involved in the operations, is introduced with a focus on power production, total cost of the Operation and Maintenance (O&M) and revenue loss. A time domain Monte-Carlo approach is adopted while taking into consideration the climate parameters, failure characteristics of turbine components, the specification of crew transfer vessels, and the composition of vessel fleet. Through this extensive study, it is concluded the O&M related costs can be reduced significantly while the availability and the productivity of the turbines can be increased by optimising the use of the O&M vessel fleet in terms of fleet size and vessel capabilities.
INTRODUCTION
Over the last few years, developers/operators were encouraged to invest in offshore wind energy due to larger areas which could accommodate major offshore projects, absence of limitations associated with visual impact and noise, higher wind potentials, and lower turbulence levels in the offshore environment. Despite all these advantages, electricity generation from offshore wind is still considerably more expensive compared to onshore wind [1] . In order to decrease the cost of electricity generation and increase the competitiveness of the offshore wind industry against other alternative energy sectors, it is essential to minimise the Operation and Maintenance (O&M) costs. In this respect, vessels are particularly important, since the costs for vessels account for 50% of the total O&M costs [2] [3] [4] [5] . Due to the fact that each turbine typically requires approximately six visits per year mainly for minor O&M activities [6] ; number of Crew Transfer Vessels (CTVs) account for 40.6% of the market, while cabling vessels, jack-up vessels, heavy lift vessels and other vessel account for 21.3%, 16%, 12%, and 10%, respectively [7] . Volume 39, No. 1, 2015 PP 31-52 31 Although the majority of the projects are still in the warranty period, in less than five years 79% of wind turbines are set to move out of warranty [8] . Furthermore, current offshore access systems allow access for 200 days of the year, which may decrease significantly due to harsher conditions in further offshore fields. Therefore, operators have to plan the O&M activities and associated costs in depth, as they will have to bear these costs in the near future.
WIND ENGINEERING
Therefore, the main focus of this paper is to optimise CTV fleet towards optimum O&M cost, minimum revenue loss, and maximum electricity generation while analyses of environmental conditions, investigation of failure rates, and assessment of vessel operations form the foundations of this study. Using the results of this study, it will be possible to decide the specifications of CTVs and the composition of the fleet which will bring the most economical benefits. The paper is structured as follows; in section 2, the common procedures, aspects and issues associated with the maintenance of offshore wind farms are presented. Through the observations in that section, the proposed methodology is explained in section 3. A case study is presented in section 4 in order to validate the proposed model. The results of the study are demonstrated in section 5 while concluding remarks are presented in the concluding section.
LITERATURE REVIEW
Currently, offshore wind O&M related research is dominated by the preventive and predictive maintenance concepts. Whilst preventive maintenance related research is interested in the optimisation of O&M intervals [9] [10] [11] [12] [13] [14] , predictive maintenance related research intended to improve the performance of condition monitoring systems [15] [16] [17] and evaluate the reliability performances of different components and compositions [18] [19] [20] . However, these models are still not complete enough to provide sufficient support for offshore wind due to the fact that vessel specific attributes are generally neglected or ignored. Furthermore, the implementation of these maintenance approaches does not give satisfactory results for the entire offshore wind farm projects.
CTV selection
There are several attributes which have to be considered in the CTV selection process. Figure 1 presents the majority of these attributes in a single framework. Vessel specification, financial 32 Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations Figure 1 . Attributes in the CTV selection process attributes, environmental conditions, and failure characteristics are the major segments in the CTV selection process. There are also several sub-sections related to each segment. It has to be highlighted that the number of segments and sub-sections can vary depending on the scope of the analyses.
CTV Specifications
One of the main issues in the O&M planning is the disregard of vessels and their influence on the maintenance methodology. It is not possible to represent offshore O&M activities without considering the environmental factors and the influence of these factors on the vessel operations. As explained in the previous sections, O&M activities cannot be performed without offshore access, and thus, it is necessary to consider vessel specific attributes and reaction time to the failures in the maintenance methodology. Monohull boats, small catamaran vessels, and small water-plane area twin hull (SWATH) vessels are generally utilised in minor maintenance operations, which allow operators to keep the cost of minor maintenance operations at optimum level. Benefits and drawbacks of these vessels are listed in Table 1 . Catamaran configurations are often the preferred choice by the operators [21] . The most distinctive characteristics of these vessels are high speed, small deck spaces, small crane capacities and safe access to wind turbine structures that will allow operators to take quick actions in the case of unexpected failures.
Financial Attributes
Financial attributes include the costs and the loss of revenue that influence the CTV fleet selection. The vessel fuel cost, electricity selling price, CTV daily charter rates, and the actual repair cost of the components comprise the financial attributes group of the decision process. As in other industries, all the economic decisions are based on trade-offs between risk and cost. The most costefficient decisions are associated with the biggest risks. Conversely, the safest decisions require the highest investments/costs. Neither of these options are acceptable for the offshore wind farm operators due to the huge financial size of the projects and due to the cost of maintenance operations.
For instance, if an operator makes a risky decision and selects a vessel with the lowest characteristics which can reduce the vessel associated costs, then the lost revenue may reach extreme points due to very low accessibility during the lifecycle of the project. On the other hand, if an operator makes a safe decision and selects a vessel with highest characteristics which can provide sufficient support for O&M, but this situation may lead to a significant increase in the charter and fuel costs. The decision process related to fleet size is also important. Lower vessel numbers may lead to cost reductions in the vessel associated O&M costs, while on the other hand wind turbine failures may remain unrepaired due to lack of resources, which increase the downtimes and the unavailability. The alternative option would create redundancy which is not acceptable, especially when the main target is to decrease the cost of maintenance operations. Therefore, it is not enough to decide the type, size, etc. of the CTV; the decision process has to be supported by the choice of the number of CTVs which will be used in the O&M fleet.
WIND ENGINEERING
Volume 39, No. 1, 2015 33
Environmental Conditions
Environmental conditions are another important measure which influence the O&M activities. Wind speed, wave height and wave period are major environmental constraints which will not only affect the journey specific issues, but also the electricity generation of the offshore wind farms. In a generic content, areas with stronger wind characteristics are more valuable for electricity generation. However, with regard to O&M, stronger wind is a constraint, similar to higher wave heights with shorter wave periods. Furthermore, stronger wind speeds have a negative effect on the failure characteristics of the wind turbine components [22] .
Failure Characteristics
Two main approaches are established in the failure characteristic and reliability investigation of offshore wind turbines. Whilst some of the studies investigated only a limited number of components or a single system in detail; such as generator system, grid connection, transmission [23] [24] [25] [26] ; other studies focused on the entire wind farm composition [27, 28] , but missed some critical issues. Utne [29] discussed the maintenance strategies for deep-sea offshore wind farms and also indicated that the existing models consider single units and single component systems. Although these research studies considered theoretical solutions related to the reliability issues, none of them represent the real operational offshore environment. There are many theoretical models, however most of them are not applicable to the offshore wind industry [29] . El-Thalji [30] indicated that it is critical to utilise models and techniques, which should be suitable for the real life application/scenarios in the actual operating environment.
METHODOLOGY
It is intended to synthesise and simulate five main calculation/analyses blocks in the proposed CTV fleet selection methodology; climate data generation block, failure analysis block, vessel transit model block, power calculation block and finally cost calculation block (Figure 2 ). In climate data 34 Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations Figure 2 . Proposed methodology generation block wind speed, wave height and wave period datasets are created to provide information for other blocks. Whilst all the generated datasets provide information for the transit model, wind speed dataset also provides inputs for the power calculation block. Time dependent failure rates are analysed within failure analysis block from which mean time between failures (MTBF) and mean time to repair (MTTR) values are provided to the power calculation block. In the vessel transit model block, journey specific calculations are performed for different CTVs in the vessel pool whilst total power produced and power lost due to failures, delays, and O&M activities are calculated in power calculation block. Cost calculation block is the final section where all the information from previous blocks is collected and outputs are generated to support the optimisation of CTV fleet for offshore wind farms.
Climate data generation block
Generally the climate datasets are not sufficient to cover the entire lifecycle of offshore wind farms. Although the data may cover the past 20-25 years, it is rare that the climate data will present exactly the same track in the following 20-25 years. On the other hand, it is important to generate a dataset with the same characteristics of the original dataset. In this respect, the original dataset, which includes wind speed, wave height, and wave period observations are divided into multiple yearly datasets, number of which is defined by the duration of the original dataset, L org (years). All the divided datasets consist of wind speed, wave height, and wave period observations within a period of 1 year. Wind speed, wave height, and wave period observations are not disjointed from each other in order to preserve the correlation. After dividing the original dataset into number of multiple yearly datasets (L org ), a discrete uniform distribution that defines equal weights on the integers from 1 to L org , is utilised for random sampling process. In this respect, each integer represents one of the pre-divided datasets; thus the selection of an integer indicates the selection of a pre-divided dataset which is represented by that integer. Random sampling continues until the number of randomly selected integers become equal to the length of simulations, L sim (years). The sampling procedure involves choosing random samples with replacement which means that every sample is returned to the dataset after sampling. So a particular integer from the original dataset could appear multiple times.
Commonly, wind speed data is collected from a single location (height) of the observation centres. However, the maintenance operations are performed at different altitudes (sea level and hub level). Therefore, the wind speed data, which is related to a single height, has to be transformed into wind speeds at different altitudes so as to enhance the precision of the proposed model.
Various methods [31] [32] [33] exist related to the extrapolation of wind speed to the hub height of the wind. Among these methods, the Wind Power Law is the most widely used method [34] , which is presented in Eqn 1;
where v 2 is wind speed at elevation h 2, v 1 is wind speed at reference height h 1 . The shear exponent α is not a constant value; it varies depending on atmospheric conditions, temperature, pressure, humidity, time of the day and nature of terrain [35] . In offshore environment, the shear component can typically be assumed to be equal to 0.1 [36, 37] .
Transit model block
In order to calculate the influence of different attributes for the CTV selection and the costs associated with them, it is important to perform transit time calculations in a comprehensive manner. Despite the fact that existing O&M models did not consider the effect of transit time on the O&M, it is believed that environmental conditions cause significant delays for the journeys. In this respect, the transit model block will be formed in order to calculate 'travel time', 'idle time', and 'working time' for each day of the simulations by considering that each time-step will have different climate characteristics (different wind speed, wave height, and wave period). 'Travel time' is the time spent on the journey (incoming and outgoing), 'working time' is the time spent for the actual O&M activity, and 'idle time' is the period when CTVs are kept in the port due to weather restrictions.
The total distance between the loading port and the offshore wind farm is the constant input for the transit time calculations. The variations on the vessel speed due to environmental effects WIND ENGINEERING Volume 39, No. 1, 2015 create fluctuations in the transit time calculations. Therefore, it is important to calculate the speed of the vessel accurately in each time-step. The model calculates the transit time by calculating the individual distances that are logged by the vessel in each time-step (Eqn 2). When the summation of individual distances becomes equal to the total distance between the loading port and the offshore wind farm, the model assumes that the vessel reached the offshore wind farm (Eqn 3).
In order to verify the CTV speed V i in each time-step; resistance and power analyses are performed for each individual CTVs in the vessel pool under different environmental conditions. The steps below are followed in the CTV speed calculations;
1. Calculation of total efficiency and calm water resistance of each CTV in the vessel pool: The most accurate method to calculate the total efficiency and the calm water resistance (R TCalm ) of the CTV is model testing in a towing tank and scaling up the results to ship scale; alternative formulations which are presented by Helm [38] and Moody [39] , can also be utilised. However, these equations are valid assuming the ship is sailing in calm water which is not always the case in the operational environment. When sailing in heavy seas, the vessel is subject to the added wave resistance and therefore the propeller can be running up to 7-8% heavier than in calm water. Besides the sea margin, 10-15% of engine margin is frequently added as an operational margin for the engine [40] . 2. Calculation of added resistance (R AWi ) and total resistance (R Ti ): The experimental curves of the non-dimensional added resistant coefficient σ AW which are plotted against wave frequency w can be found in [41] . Due to the fact that wave frequency varies between each time step, it is necessary to perform added resistance calculations for all the time steps. The total resistance of the CTV at ith time step can be calculated by using eqn 4
3. Calculation of speed losses and achievable speeds for each time speed in waves: Whilst a CTV is traveling in waves, the skipper can keep the power constant and decrease the speed or keep the speed constant and increase the power. In the transit model block, the power and thrust of the CTVs will be kept constant and speed will change with the influence of waves. In this respect, the speed loss and the achievable speed by the CTV in each time step under the condition of constant power and thrust can be calculated by the formulations in Berlekom, et al. [42] and Berlekom [43] . 4. Calculation of transit time: The calculation of distance which CTV travels in each time step interval can be calculated by Eqn 5
Constraints in the Transit Model Block
Maximum operational wind speed and maximum operational wave height values for CTVs will be the main constraints of the transit model block. When the generated climate values exceed these predefined values, the vessel speed at this time step will be set to zero, which indicates that the CTVs cannot sail under these environmental conditions. One additional point is that the environmental conditions may allow O&M operations several times for a limited time in the same day, for instance 2 hours in the morning, 5 hours in the afternoon. In this case, the model considers the maximum weather window in that shift and allocates the CTVs in this period. It is considered that between departure and arrival of the CTVs, the environmental conditions will be sufficient enough for sailing without any interruption. In addition to the environmental constraints, there might be circumstances which the distance that is logged in sequential time steps might not be sufficient enough to make the journey
Total Distance
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Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations cost-effective. Additionally, there might be some cases that the time spent on the journey might be longer than the time spent on the actual O&M activity. Therefore, a 'minimum working limit' has to be defined for making a working shift acceptable and cost-effective. The 'minimum working limit' will create extra constraint for the transit model. Although, maximum weather window value is more than the summation of the 'working time' and the 'travel time'; if the 'working time' value for that day is less than the 'minimum working limit', 'working time' and the 'travel time' values will be set to zero and 'idle time' will be set to the period shift, which indicates that the CTVs will not sail during this day, because the cost of the journey will be higher than the benefits that will be gained from the O&M activity.
Failure analyses block
A time domain Monte-Carlo approach has been adopted, which relies on random number generation to ensure that all possibilities are covered in an unbiased manner. Such an approach requires deterministic and stochastic events. While the former is governed by the inputs and the assumptions; turbine failures and weather conditions comprise the stochastic elements of the simulation. During simulation each operational turbine is given the chance to fail at each time step. At this point, the model cycles through the simulation schedule in a randomised order. For each time step a random number between 0 and 1 is generated from a uniform distribution. The performance of each component i can be represented by a binary indicator variable x i where if component is functioning,
if component has failed for i = 1, 2, ..., n, where n is the number of components in the system. Similarly, a binary variable Ø denotes the state of the system. if system is functioning,
if system has failed
The reliability R, failure density f and time dependent failure rate λ of a system at time t are (8)
In a series system, the system can function if and only if all components are in the functioning state. Otherwise, the entire system fails. The series system does not imply physical series connections of electrical or mechanical components. It refers to how such product failure depends on component failure. The reliability of a series system R s at time t is (11) In a parallel system, the system fails if all components fail or the system performs satisfactorily if at least one of the n components performs satisfactorily which is also called redundancy. The reliability of a parallel system R p at time t is (12)
Failure Rate Progress
At the beginning of a simulation, time steps of the first failures and the components that are failed for each turbine are identified. After this stage, the analyses are continued separately for each turbine. A CTV is allocated for the turbine which is failed first and the repair is performed. The details related to repair strategy and CTV allocation will be given in the following sections. When the failure is repaired and the time step at which the turbine starts functioning again is identified, the failure rate of the failed component is reset to the beginning level, as the repaired component is assumed 'as good as new' condition. Due to the fact that other components are remained untouched within the repair period, the failure distributions of those components are shifted forward to the time step which the turbine starts to function. Thus, the failure distributions of these components continue from the level at which the failure has occurred; however the distribution of the failed component is reset which requires an update on the system failure distribution regardless of whether the system is parallel or series. In this respect, the failure distributions of the components and the system are updated and a new Monte-Carlo simulation is run from the time step at which the turbine starts to function until the end of the simulation period through using the updated failure distribution of the system. As a result of the new simulation, the subsequent failure of the turbine is identified. If there is no subsequent failure for that specific turbine or the time is not enough to repair the failure within the simulation period, the following failure type of that specific turbine is set to infinity (INF).
If there are multiple turbine failures on the same day of the simulations, those failures are simulated separately. The simulations continue until all the subsequent failure types for all turbines are set to INF which is generally at the very end of the simulation period. The definition of all the following failure types to INF indicates that either any new failure will not occur after that specific time step or the current failures cannot be repaired which also means that a failure cannot occur because the situation of the turbine will not change from failed state to functioning state.
Repair Strategy
The main concept of the repair strategy is, whilst examining the reliability at the component level, to structure the O&M activities at the wind farm level. Therefore, the characteristics of individual wind turbine components will play a key role in the reliability analyses; however final O&M decisions will be made by considering the offshore wind farm as a single unit.
When a failure occurs, the turbine is shut down and a crew, if available, is allocated to perform the repair. If all crews are either occupied with repair operations or are not on duty, the turbine will remain down, and a crew will not be assigned until a team becomes available to work. When a crew becomes available and is assigned to conduct the repair work, that crew can only be deployed to the failed turbine if the current weather conditions are within the turbine access limits as defined in the model inputs. If these conditions are not met, the crew remains at the base and are only dispatched to the assigned turbine once the weather improves to within the access limits.
The time taken to repair the turbine, once the crew are in attendance, is determined by repair time value specified for the failure. The model keeps track of the remaining repair time as the work progresses. Once the repair is completed, the turbine is restarted. If during repair, weather conditions worsen to a level beyond the specified turbine access limits; repair operations are suspended and the crew returns to base. In this instance, the turbine concerned remains inoperative. However, the work which is already performed is logged, thus the remaining repair can be completed in the following accessible day.
Scheduled maintenance is implemented by the crew members within the specified service interval. Repair work takes precedence over scheduled maintenance, which is suspended if the crews are required for repairs. If there is sufficient time to do scheduled maintenance after the repair work, the crew stays in the wind turbine and continues with the scheduled maintenance. Like the repair works, scheduled maintenance is also logged for each individual turbine.
CTV and Technician Allocation
Depending on the environmental conditions on the repair day and the capabilities of the CTVs in the vessel pool, more than one CTV can be available for the corrective maintenance task. In this case, there are number of priority checks which are illustrated in Figure 3 . Theoretically, one CTV can operate for an unlimited number of turbines in a single shift, however this situation does not represent reality; therefore a value is defined for limiting the number of visits that can be done by one CTV in a single shift. As in the number of visits for CTVs, theoretically the allocation of more technicians will lead to the completion of the repair in a shorter time period, however in reality there is a maximum value, above which an increase in the number of technicians will not bring an 38 Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations advantage on the repair time. Therefore, two values are defined in order to represent the number of technicians that will be allocated in two conditions,
• minimum number of technicians that will be allocated in normal repair conditions • maximum number of technicians that will be allocated in order to reduce the repair time and/or complete the repair in a single shift
The maximum number of technicians will be allocated unless the repair can be completed in a single shift by the minimum number of technicians. If the repair task cannot be completed even by the maximum number of technicians in a single shift, these technicians will be allocated to that repair task in the following repair days until the repair task is completed.
Power calculation block
The power calculation block will be driven by the climate data generation block and the failure analyses block. Climate will influence the power production levels of wind turbines related to how high the wind speed is and repair strategy will affect the time steps that the turbines are in functional or failed state. The outcome of the power generation block is the power produced in each time step and the total generation of wind farm within the simulation period.
Cost calculation block
With regard to cost attributes for CTVs, fuel cost, technician cost and charter cost is calculated within the analyses period and will be reflected on the total vessel cost and total O&M cost values. The cost attributes are calculated individually for each fleet composition in each simulation and averaged when the simulations are completed. Daily charter rates of the vessels, technician salaries, repair cost of components, fuel cost, and electricity selling price are cost elements which will be considered in the simulations. In addition different inflation rates can be defined for each cost attribute, considering the fact that component prices may go down due to technological development, on the other hand staffing cost may go up due to increase in the demand for crews.
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Figure 3. CTV allocation
Whilst the charter costs and the daily costs of technicians will be calculated for the entire analyses period, regardless of the value of 'travel time' and 'working time', fuel costs will be calculated depending on the summation of 'travel time' for each day. It is important to highlight that the charter cost is paid to the vessel owner continuously, even though the utilisation level of the vessel is low. On the contrary, fuel cost is dependent on the distance and the number of O&M operations.
CASE STUDY
To evaluate the accuracy of the proposed model, a case study is performed. In the simulations, the fleet compositions which are formed from 2 different CTVs are ranked. The fleet size which varies from 1 to 10 is evaluated in the calculations. In addition, 3 different operational wave height limits are investigated for each CTV in order to assess the influence of operational capabilities of the CTVs. 100 simulations are run for each 65 different fleet compositions in order to cover different variations in the results due to the randomisation of variables in the Monte-Carlo simulation process. Table 2 represents the specification of the CTVs that will be investigated in the simulations. CTV-1 has higher operational capabilities than CTV-2, which results in higher daily charter rate payments than CTV-2. Additionally, higher fuel consumption rate for CTV-1 influences the total fuel cost.
The offshore wind turbine is considered to be structured from 12 different sub-components which form a series turbine system ( Table 3 ). The time required and the repair costs of these components are adapted from the studies done by Faulstich, et al. [44] and Poore and Walford [45] . 40 Investigation Due to the fact that CTV operations will be simulated, it is important to identify the time dependent rates for minor wind turbine failures. In this respect, Faulstich, et al. [44] investigated the failure rates depending on the severity of the failures and presented constant rates for minor failures. In order to demonstrate the development and change of failure rates throughout simulation period, all the failure rates are modified to individual bathtub curve distributions which represent the infant, random, and wear-out failures through 2 parameter Weibull distributions. Table 4 shows the scale λ and shape k parameters associated with each component and the period of lifetime. At this stage, it is important to highlight that the knowledge and experience related to reliability figures and the failure rates of offshore wind turbines are very limited, therefore, it should be possible to utilise more accurate offshore wind failure rates in the future. The bathtub curves are generated by plotting the rate of early failures when first introduced, the rate of random failures with constant failure rate during the components useful life, and finally the rate of wear-out failures as the product exceeds its design lifetime (Figure A.1) . Table 5 shows the additional parameters which have to be defined before running the simulations. As explained in the methodology section the number of technicians allocated to a failed turbine depends on the time required for that repair and available weather window on the repair day. Therefore, 2 technicians will be allocated if the weather window is sufficient enough to be completed the repair in a single shift. Otherwise, 4 technicians will be allocated to complete the repairs quicker. For the cost calculations 5% inflation rate is considered, therefore electricity price, staff salaries, CTV charter payments, and fuel cost will be increased each year within the simulations.
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RESULTS
In this case study, the different CTV fleet compositions for an offshore wind farm which consists of 100 × 5MW are examined. Figures A.3-A. 6 present the mean of generated wind speed at 10 m height, wind speed at hub height, wave period, and wave height datasets which are used in the simulations.
The straight lines present the mean values of the original datasets. Through the climate dataset generation from original dataset, the estimated variations are achieved in the simulations considering the general characteristics of the original observations. In the methodology section, the failure rate update logic was introduced. The repair of a failure leads to a reset for the failure rate of the failed component, and therefore an update in the system failure rate. Figure A. 2 demonstrates the failure rate development of 1 sample turbine and its components within 1 simulation. Due the variations in the failure timings, all the turbines have different failure development curves within simulations. The sharp increments denote that there was a failure on that component, the repair was completed and therefore the failure rate of the failed component was reset. It can be seen that the electrical system failures occurred more frequently than others. On the other hand, drive train which has the lowest failure rate failed only 1 time within 20 years. With regard to sensors, it was assumed that this component has a constant failure rate; therefore it not possible to identify the number of failures from With regard to the total fuel cost, it can be recognised that the total fuel cost is not increasing proportional to the fleet size, but there are significant increases on the total fuel cost when the fleets are composed of only CTV-1 (Figure 4) . Due to the fact that the CTV with higher fuel consumption is only available in these particular fleet compositions, there is no cheaper alternative to CTV-1.
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Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations For other fleets, there is an alternative to CTV-1; therefore, the repair task can be completed by a CTV-2 which has a significantly lower fuel consumption. When different operational limitations are considered, higher operability increases the number of days that the wind farm is accessible; therefore the fleets with 1.7 m and 1.45 m operational wave height limits have better capability to perform the repairs which increases the number of visits done by CTVs. Therefore, the fleets with higher capability results in higher fuel cost during lifecycle of the project. The total staff cost is directly proportional to the number of CTVs in the fleet composition; therefore when a new CTV is added to the composition regardless of its capabilities, the staff costs are increased ( Figure 5 ). The total CTV charter cost is again very much dependent on the number of CTVs in the fleet composition, however, the daily charter rates of these vessels are also a significant element in the charter payments of the overall fleet ( Figure 6 ). Due to the fact that the daily charter cost of CTV-1 is higher than CTV-2, the fleets, which have a higher number of CTV-1s in the composition, cause higher charter payment within a simulation period. The staff and CTVs are paid regardless of the fleet utilisation, therefore the graphs intersect for these cost attributes under different operational limitations.
The total Original Equipment Manufacturer (OEM) cost is dependent on the failure rates of the system and its components (Figure 7) . However, the reaction time influences the number of hours that the components are in a functioning state. In this respect, the failures occur more frequently if the turbines are kept more in the functioning state. For instance, if a turbine is not repaired after the first failure for the entire simulation period, the OEM cost for that turbine will be 0; however that turbine will never function again. Therefore, the increase in the fleet size and the improvement in the operability increases the OEM costs.
The total O&M cost comprises of the total fuel cost, the total CTV charter cost, the total staff cost, and the total OEM cost. In this case, CTV charter costs are the most dominant factor by 47.01% in the total O&M cost distribution. Fuel cost, staff cost, and OEM costs contribute 1.36%, 30.20%, and 21.41%, respectively.
Total power generation, availability and total revenue figures have similar outlines, because all these parameters are directly proportional to the number of hours that the wind turbines are in a functioning state (Figure 8-10 the O&M activities; total power generation, availability which is a function of power generation and theoretical power generation, and total revenue which is a function of total power generation and electricity selling price have increasing trend proportional to the size of fleet. The improvement in the operability also increases the power generation, availability and total revenue of the projects. The final decision can be made by assessing loss revenue/kWh values in Figure 11 . In the loss revenue cost/kWh calculation, all the cost and power production aspects are taken into account. These values include the power production improvement and the cost variation with the fleet size change. A significant decrease in loss of revenue can be noticed when a new CTV-1 joins the fleet; on the contrary when a new CTV-2 joins the fleet, the cost values increase gradually. When the best configurations are identified as in Table 6 and Table 7 , the rankings show that CTV-2 is not as cost effective as CTV-1, despite CTV-1 being more expensive to charter. The CTVs with the lowest operational wave height limit require relatively larger fleet compositions. This is due to the fact that when a 5 MW turbine is taken into account, 1 day downtime costs £10,000 -£19,000 revenue loss which is substantially higher compared to the maintenance costs. The influence of operability can be noticed when the rankings assessed in Table 7 . When all the Hs categories are considered together, the best 10 fleet compositions have the highest operational capabilities. In addition, the improvements on the operability of the vessels leads to smaller technician teams and fleets which also decrease the economic risks. 1  3  0  3  0  4  0  2  2  0  4  0  5  0  3  2  1  3  1  3  0  4  3  1  4  1  4  1  5  4  0  5  0  6  0  6  2  2  2  1  3  1  7  3  2  3  2  5  1  8  4  1  2  0  4  2  9  2  3  2  2  3  2  10 5 0 4 2 7 0 
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CONCLUDING REMARKS
In this study, an extensive CTV fleet selection methodology is introduced for offshore wind farm O&M activities towards optimum O&M cost, minimum revenue loss, and maximum electricity generation. Climate parameters, failure characteristics of turbine components, the specification of crew transfer vessels and the composition of vessel fleet are simulated within the operational phase of an offshore wind farm. The results are demonstrated to support the decision making related to the maintenance and logistic strategy. The consequences of different decisions can be assessed and the CTV fleet, which brings financial and operational benefits, can be selected. It is envisaged that a CTV with better capability brings great financial and operational advantages, even though that CTV has higher daily operating expenditures (OPEX) cost. Increasing the size of the CTV fleet does not always bring an economic advantage due to the fact that the cost increase cannot be compensated by the production increase if the CTV fleet becomes larger than the optimum level. The capability and operational limitations of the CTVs are also important attributes which significantly influence the fleet size. Therefore, offshore wind farm operators should consider new generation CTVs, which have higher operational capabilities, while organising their O&M fleets. Investigation of Optimum Crew Transfer Vessel Fleet for Offshore Wind Farm Maintenance Operations 
